Using magnetic resonance profiling coupled with dynamic light scattering, we have investigated the mechanisms leading to the formation of a partly coalesced surface layer, or "open skin", during film formation from waterborne polymer dispersions. We present the first use of the skewness of the distribution of free water as a model-free indicator of the spatial non-uniformity of drying. The skewness reaches a maximum at the same time at which a strong, static component -presumably originating from a skin at the film/air interface − appears in the light scattering data. The average solids content at this time is around 53 vol.%. Addition of salt to the dispersion increases both the skewness of the distribution of free water and the propensity for skin formation. Surprisingly, the drying is influenced not only by the concentration and valency of the ions in the salt but also by the particular ion. At intermediate particle densities, added salt strongly lowers the cooperative diffusion coefficient, D coop . When the particles reach close packing, D coop sharply increases. If the particles readily coalesce, the effects of the increased diffusivity will be counteracted, thereby inducing the formation of a skin. A modified Peclet number, Pe, using D coop , is proposed, so that the presence of salt is explicitly considered. This modified Pe is able to predict the non-uniformity in
Introduction
The formation of polymer films from waterborne polymer dispersions is a process of everincreasing practical relevance. 1, 2, 3 A major driving factor certainly is the compliance with environmental regulations, which severely limit the amount of volatile organic compounds (VOCs) that can be released into the atmosphere upon drying. Film formation is commonly divided into three stages, which are the evaporation of water leading to particle packing (stage I), particle deformation to fill all available volume (stage II), and interdiffusion across particle/particle boundaries, i.e., coalescence (stage III). During the first stage, water evaporates until the particles come into contact. Subsequently, the particles deform as the interstitial water is eliminated. Finally, any surfactant membranes break so that polymer chains from neighboring particles interdiffuse, thereby producing a homogeneous, tough film.
As has been frequently emphasized, film formation usually proceeds in a spatially heterogeneous way. 1 Heterogeneity occurs both in the plane of the film 4, 5 (i.e. edge-in drying) and perpendicularly to the substrate 6, 7 (i.e. top-down drying). The time at which water recedes from a film's edge has been demonstrated to be proportional to the reduced capillary pressure. 6 Edge-in drying can be prevented by blowing hot air across the film surface. Vertical gradients in water concentration can never be entirely avoided because these gradients drive the transport of water towards the film surface. However, the extent and consequences of vertical gradients in water concentration vary considerably. If particles are packed together at the film/air interface, and if the particles are subject to wet sintering (being highly deformable), then a process model developed by Routh and Russel (R-R model) predicts coalescence to create a so-called "skin" layer above a wet layer. 6, 8 There is clear experimental evidence for the development of skin layers. 9, 10 In applications, skin formation is usually considered to be a serious problem. Water transport by diffusion through a coalesced polymer layer is slower than flow along particle/particle boundaries. 11 Experiments have shown that a skin layer on a latex film traps water beneath it, thereby slowing down the drying process. 12 Subsequently, trapped water will reduce the film's mechanical strength and adhesion. 13 Furthermore, as drying proceeds, the skin might rupture or wrinkle, which will result in an irregular surface. 14 For these various reasons, the topic has attracted intense interest.
Simulations predict that colloidal particles will accumulate at the surface of thick films undergoing relatively fast drying. 15 Cryogenic SEM images of films that were quenched during the process of drying have provided impressive evidence to support this view. 16 In these images, one
can clearly see particles being accumulated at the top of the film. Metaphorically speaking, the airwater interface acts like a snow plough, piling up particles just below the phase boundary. Pile-up is prevented if the recently-created concentration gradients quickly equilibrate via diffusion. The competition of pile-up and diffusion has been put into quantitative terms in a dimensionless parameter, called the Peclet number, Pe. 6, 8 Pe is the ratio of two characteristic time scales, which are the time needed to diffusively equilibrate gradients in particle concentration and the time of drying. For a film of initial thickness, H 0 , with water evaporation leading to the surface receding at a speed, E, Pe can be most simply expressed as H 0 E/D 0 , where D 0 is the Stokes-Einstein diffusion coefficient. Particle accumulation occurs whenever the speed of drying exceeds the rate by which concentration gradients decay. This condition corresponds to Pe 1. Recent experimental evidence 17 shows that the water concentration gradient in the vertical direction is proportional to Pe 0.8 , which compares to a prediction of Pe 0.5 [15] . Note, however, that the Stokes-Einstein law only holds in the dilute limit. A drawback of basing the calculation of Pe on the Stokes-Einstein diffusivity is that this equation does not account for particle/particle interactions.
A second prerequisite for skin formation within the R-R model is a sufficiently high deformability of the particles, so that they can form a continuous layer while the material underneath is still wet. More specifically, there is a second dimensionless number, λ , which compares the time scale of particle deformation to the time scale of drying. One has λ = η 0 aE/(γ wat H 0 ) with η 0 the zero shear-rate viscosity of the polymer particles, a the particle radius, and γ wat the energy of the air-water interface. For Pe > 1 but λ 1, particles will be in close contact at the film surface, so that they are elastically coupled, but they will not be coalesced. A so-called "crust" will be formed, as illustrated in Fig. 1 .
In order to explore skin formation in colloidal dispersions, we have simultaneously applied magnetic resonance profiling (MRP) 18, 19 and diffusion wave spectroscopy (DWS) 20 to drying polymer films. There have been limited previous applications of light scattering techniques to studies of film formation, 21, 22 and there are no previous reports of MRP and DWS being used together in such a study. MRP yields the volume fraction of mobile water as a function of the distance from the substrate, ϕ w (z). Skin or crust formation is thereby indicated by a step in ϕ w (z) along the vertical direction, corresponding to a higher polymer concentration near the surface. DWS yields the mobility of particles inside the film. Given the complicated geometry in experiments on drying films, the particle self-diffusion coefficient cannot be quantitatively derived from the autocorrelation function. Still, one can compare different data sets and determine any differences in particle mobility. In addition to the particle mobility, light scattering contains an essential second bit of information, which is the amplitude of the autocorrelation function (ACF). Should a skin form at the top of a film, it will act as a static scatterer. This strong background is superimposed onto the dynamic fluctuations of scattering from the bulk that is still mobile at this time, which lowers the amplitude of the ACF.
A previous study by Erkselius et al. 12 has provided the first significant evidence that electrostatic stabilization influences the drying rate and total drying time of latex films. In our research reported herein, salt was added to the dispersions in order to vary the interparticle forces. The influence of salt is threefold: Firstly, salt screens the electrostatic repulsion, thereby widening the local cages of confinement around the particles and allowing for faster Brownian motion. The short-time selfdiffusion coefficient of the particles increases. Secondly, electrostatic screening lowers the osmotic pressure of the particles and thereby the thermodynamic driving force for the equilibration of concentration fluctuations. Thirdly and importantly, salt can induce particle aggregation ("saltingout") in the late stages of drying by reducing the barrier to aggregation. 23 In Ref. 12 , faster drying has been attributed to the presence of salt, when particle flocculation at higher ionic concentrations caused sedimentation and the avoidance of a skin layer.
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Regarding the second point, the evolution of a concentration profile in colloidal dispersions is governed by the cooperative diffusion coefficient, D coop (also called "mutual diffusion coefficient").
The relation between D coop and D 0 (valid at infinite dilution) can be rather complex. We provide an estimate in the Discussions section. When particles strongly repel each other (for instance, due to electrostatic interaction) the equilibration of concentration gradients speeds up considerably because of cooperative motion. D coop must not be confused with the self-diffusion coefficient, which governs Brownian motion. In situations where individual particles cannot leave the local cages because the packing is too high, cooperative motion along the concentration gradients will still occur. At It is also relevant to note that the tendency of ions to "salt-out" colloidal particles is poorly understood. The tendency for different ions to influence colloidal stability can be placed in a welldefined order called the Hofmeister series. 24, 25 The Hofmeister series cannot be explained merely by electrostatic screening as described by the DLVO theory, which considers the valency of the ions.
Numerous properties of electrolyte solutions (including protein aggregation, the speed of chemical reactions, catalytic activity of enzymes, surface tension, the critical micelle concentration, and others) depend on the type of the dissolved ions, and the dependency follows the order of the Hofmeister series. 25 The fact that so many diverse properties all lead to the Hofmeister series suggests that there is a general mechanism underlying these different manifestations. The operative mechanism is still under debate. The ion's tendency to stabilize or destabilize the water structure around it has been regarded as a key factor. Recently, however, this notion has been questioned 26, 27 and dispersion forces have been put forward as an alternative explanation.
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A recent study 27 has shown that the order of the ions in the Hofmeister series can be correlated with their tendency to disorder alkyl chains in fatty acid layers at interfaces. We speculate that
Hofmesiter effects could also contribute to the de-stabilization of surfactant bilayers at particle/particle interfaces. We note that the R-R model 8 assumes that any surfactant membranes readily rupture when the particles come into contact, and the effects of salt are not considered.
Hence, ion effects are not predicted by the model and could yield otherwise unexplainable results.
Materials
An acrylic latex was prepared by miniemulsion polymerization. A copolymer was polymerized from butyl acrylate and methyl methacrylate in a 1:1 weight ratio, using an anionic surfactant (Dowfax 2A1). A mixture of ammonium persulfate and sodium meta bisulfate was used as the initiator. These initiators impart a negative charge to the particle surfaces, which adds to the charge of the surfactant. 
Magnetic Resonance Profiling
Magnetic resonance profiling and its application to the drying of polymer dispersions have been described in the literature. 7, 18 Briefly, the drying film is situated in a magnetic field gradient that is normal to plane of the substrate (Fig. 2) . The local field strength encodes the height above the substrate, and NMR signals can be separately acquired in horizontal cuts through the depth of the sample.
Wet films were cast onto clean glass cover slips (2 cm × 2 cm) and immediately placed in the magnet at a position corresponding to a magnetic field strength of 0.7 T and a field gradient strength of 17.5 T m -1 . The initial film thickness, H 0 , was typically 600 µm. The temperature within the magnet was ca. 25 °C for all experiments, and the air was static. Signals were obtained using a quadrature echo sequence 19 : 90 x -τ-(90 y -τ-echo-τ -) n for n = 32 echoes and a pulse gap of τ = 95.0 µs.
To obtain a profile, the echoes were Fourier-transformed and then summed, thus giving an NMR signal intensity profile as a function of vertical position. No significant signal is observed from the polymer phase, and the water spin-spin relaxation time is largely independent of the polymer concentration in the dispersion. Hence, the NMR intensity is a fair measure of the water content that can be calibrated from the time-zero data with a known, uniform concentration. The pixel resolution in these experiments was about 15 µm. Due to its reliance on the spin-spin relaxation time, the instrument only probes free water. A film, which is dry in the sense of MRP, may still contain bound water. With regard to skin formation, free water is a more relevant parameter than the total amount of water because free water allows for fast mass transport and reflects the volume fraction of interstitial voids. The sum runs over all data points. For the calculation of moments, the origin of the z-scale was set such that the first moment vanishes (that is, all z i -s are to be understood as distances to the center of gravity of the profile). Once again, the profiles were cut off when ϕ w (z) fell below the noise level. layer at the top, containing no free water at all. Such a dry surface seems unlikely, especially in the earlier stages of drying. Also, if this were the case, one would expect an extended tail in ϕ w (z) at some intermediate stage in drying (which was not observed). Note that the time derivative of H(t) is not strictly equal to the water evaporation speed, E, because the samples were affected by the socalled coffee-stain effect. 29 That is, some material moved from the center of the film towards the rim (not probed in the MRP experiment), thereby decreasing the measured film thickness in the center for reasons other than water evaporation.
Diffusing Wave Spectroscopy
In order to monitor particle mobility in parallel to the water content, a diffusing wave spectroscopy (DWS) setup was installed above the MRP instrument. Briefly, a HeNe laser illuminated the sample from the top. Scattered light was collected from the center of the film by means of an optical fiber equipped with a collimator. The light was fed into a photon correlation spectroscopy (PCS) module. Autocorrelation functions were acquired at a rate of three data traces per minute. The autocorrelation functions were fitted with stretched exponentials of the form
where A is an amplitude, τ D is a decay time, and the exponent β < 1 is an indicator of nonexponentiality. Fig. 4 shows a typical autocorrelation curve and a fit. In DWS, β cannot be quantitatively translated into dynamical heterogeneity (coexistence of fast and slow dynamics)
because the path-length distribution introduces a distribution of decay times even if the medium of interest would yield a single exponential in conventional light scattering. Actually, β was found to decrease with drying time in the present work. This matches the expectation of an increasing dynamical heterogeneity as the sample dries from the top to the bottom.
Results and Discussion
We first discuss crust formation as evidenced by the DWS data. Fig. 5 shows that for a latex containing added salt, the amplitude of the autocorrelation function sometimes sharply drops during an experiment. We refer to the time at which this happen as T S . The corresponding solids content (Φ S ) is indicated with a vertical line in Fig. 5 . Simultaneous MRP shows that water is present in the
surface layer, indicating that full coalescence has not created a skin. The drop in amplitude is caused by the (rather sudden) appearance of a static scattering component in the DWS data. A drying latex film is a spatially heterogeneous medium, where solidified and liquid components may coexist. We associate the drop in amplitude with the formation of a solidified layer at the top, which is best described as a crust (Figure 1 ) until proven otherwise. (As we will discuss later, the surface layer has not coalesced fully to create a skin.) The light scattered from these assemblies of elasticallycoupled particles fluctuates at a time scale longer than one second. The decay time of the autocorrelation function, τ D , goes to infinity (or, more precisely, leaves the experimental window) soon after T S . The time stretch during which a crust coexists with a liquid underneath is rather short.
Particle diffusion comes to rest a few minutes after the crust has formed.
Interestingly, the crust moves laterally even after Brownian motion has stopped. One can visually observe this movement when imaging the drying film with a camera. The lateral drift of the scatterers causes a rather sizeable variability of the scattering intensity (that is, the count rate as determined by the PCS module) on a time scale of minutes (encircled region in Fig. 5 ). These fluctuations slow down with continued drying. They almost come to rest at the same time at which the free water has disappeared from the film according to the MRP data. Some limited scattering still persists even after drying is complete because the film surface is rough.
As the comparison between the MRP results and the DWS data shows, there is a strong correlation between the skewness of the water distribution and crust formation (Fig. 5) , as detected via DWS. The crust is created when the skewness is at its maximum. The maximum of the skewness occurs when the z-averaged particle volume fraction is around 54%. This volume fraction corresponds to the value where hard-sphere colloids go through the glass transition, Φ gl . 30 A peak of the skewness at this volume fraction is very reasonable. Beyond Φ gl , diffusional rearrangements inside the dense layer at the top are slow. When the density inside the crust has reached Φ gl , further drying will increase the thickness of the crust, rather than its density. Eventually, the crust will make up the entire film and the skewness falls back to a value close to 0. Evidence for a crust layer was found in the DWS data when drying dispersions containing NaNO 3 and NaClO 4 , whereas no such layer was found for the as-received latex and for the sample containing Na 2 SO 4 . The former two samples have a significantly higher skewness than the latter (Fig. 7) .
The R-R model in its standard form does not explain why the addition of salt increases the water non-uniformity. In the Stokes-Einstein limit, the diffusivity is not influenced by interparticle forces.
Even if the Stokes-Einstein diffusivity is replaced by a cooperative diffusion coefficient (see below), it is not clear, why an ion's position in the Hofmeister series should affect the diffusivity. On the other hand, particle coalescence and the rupture of surfactant membranes, in particular, are among the properties following the Hofmeister series. This suggests that membrane rupture induced by added salt aids the development of heterogeneity and possible skin formation.
Estimation of the Peclet number
In order to more quantitatively describe the role of interparticle potentials in the skin formation process, we estimate the Peclet number for the films investigated in this study, taking interactions into account. Interactions enter the Peclet number via cooperative diffusion. Within the standard picture, crust layers (which can then lead to skin formation) will only develolp when Pe 1. Pe is defined as the ratio of the time scale at which concentration differences diffusively decay, τ diff , to the characteristic drying time, τ dry , such that:
Eq. 5
In our work, E is obtained from (dH/dt). In a departure from previous work, we propose the use of Usually, these slow down the motion of individual particles (for instance by caging). 31 At the same time, they speed up the equilibration of concentration distributions via cooperative motion. More quantitatively, we have The osmotic pressure, Π(Φ), has three contributions, which originate from electrostatic repulsion, van der Waals attraction, and entropy. We therefore have the three corresponding terms in the expression for Π: 32, 34 Eq. 8
where A h is the surface of interaction. We approximate A h as the surface of a sphere with radius a+D/2, that is A h ~ 4π(a+D/2) 2 . D is the mean distance between particles surfaces, and it is related to Φ via the relations Here Ψ 0 is the electrical potential at the particle surface and ρ ∞ is the electrolyte concentration far away from charged surfaces. A typical value for particles stabilized with a sulphonate-based surfactant is Ψ 0 ~ -80 mV. Measurements of the zeta potential on the dispersions used in this study are consistent with this value. As pointed out earlier, κ -1 = 0.5 nm in the dispersion at the salt concentrations used. In general, κ is given by Eq. 11 
where the index i runs over all ionic species, z is the valency, ρ ∞i is the concentration (in ions per m 3 )
far away from charged surfaces, ε is the relative dielectric permittivity of the liquid, and ε 0 is the dielectric permittivity of vacuum. Note that ρ ∞i increases when water evaporates so that κ -1 decreases during drying. This effect was taken into account in the calculations presented later.
However, whereas in the study by Erkselius et al. 12 the particles became unstable because of the rise in ionic concentration during drying, our calculations indicate that CCC is not reached in our system until after the time at which particle close-packing occurs. Eq. 13
The term in brackets is the compression factor of a hard-sphere fluid. All spheres are assumed to be of the same size. ξ = 2 π/6 − Φ is the difference between the particle volume fraction and the maximum particle volume fraction (≈ 0.74). The entropic pressure is small compared to the However, even in the presence of added salt, D coop sharply increases as the particle volume fraction, Φ, approaches 0.6. The added salt screens the electrostatic interactions at distances larger than the Debye length, but at short distances, the electrostatic interaction is still strong. Observe that Eq. 10 contains the square root of the electrolyte concentration in the numerator. When the particles approach closely, the osmotic pressure of the counter ions in the gap becomes very large.
The consequences for the drying process are the following. At moderate concentrations (Φ ~ 0.5), Pe is larger than one and particles therefore accumulate at the top. The snow-plough effect is active. However, the Peclet number inside the densified layer sharply increases and τ τ particles will still escape skin formation because they are driven away from the film−air interface, once the local solids content approaches 0.6. Moreover, if particles are sufficiently stable against coalescence, skin formation will not occur under these conditions. However, at Φ ~ 0.6, the particles have approached closely and coalescence is imminent. Importantly, the data indicate that the rate of coalescence depends on the type of ion employed. Coalescence is among the phenomena affected by an ion's position in the Hofmeister series.
Addition of ions affects the skewness in two ways. Firstly, it will (always) induce vertical heterogeneity because it will decrease D coop . Secondly, the ions may encourage coalescence (and thereby further increase the skewness), if the respective ions are destabilizing. We checked for the destabilizing action of Na 2 SO 4 , NaNO 3 , and NaClO 4 by determining the critical coagulation concentrations (CCC), which were 2.7, 0.96, and 0.94 mol/L for Na 2 SO 4 , NaNO 3 , and NaClO 4 , respectively. The CCC is lowest for NaClO 4 , which also induces the largest skewness in drying.
It is interesting to compare the estimates of D coop derived using eqs. 6 − 12 to experimental values derived from the profiles, ϕ w (z), and Fick's first law (J = −D coop ∇c). Note that for binary, incompressible systems, D coop is always the same for both components, and we can obtain D coop from the evolution of ϕ w (z). Both the flow rate of water towards the surface, J, and the gradient of water concentration, ∇c, can be extracted from experiments. The calculation of the flow rate from ϕ w (z, t) is provided in appendix A. One has Eq. 15 where ρ w is the density of water and w ϕ is the z-averaged water content.
First, consider the experiment shown in Fig. 3a , which did not show crust or skin formation. At a drying time of t = 100 min, the analysis yields w ϕ ~ 40%, ϕ w (H) ~ 37%, dm 0,w /dt ~ −3.8 µm/min, dH/dt ~ -2.9 µm/min, dc/dz ~ 5.2 10 8 g/m 4 , and D coop ~ 1.7 10 -6 cm 2 /s (Fig. 9a) . Using τ dry ~ 8100 s and H 0 ~ 5.5 10 -2 cm, we estimate the Peclet number as Pe ~ 0. 2 (Eq.14). Crust formation is therefore not predicted. As a second example, consider the experiment shown in Fig.   3b , which did show crust formation. At a drying time of t = 102 min, we have w ϕ ~ 46%, ϕ w (H) ~ 34%, dm 0,w /dt ~ −3.6 µm/min, dH/dt ~ -2.8 µm/min, dc/dz ~ 1.9 10 9 g/m 4 , and D coop ~ 4.6 10 -7 cm 2 /s (Fig. 9b) . Using τ dry ~ 8520 s and H 0 ~ 5.2 10 -2 cm, we estimate the Peclet number as Pe ~ 0.7. Although crust formation is not predicted by this Pe, the expected increase in
Pe is observed compared to the first example. The same kind of analysis leads to Pe ~ 0.7 for the experiment shown in Fig. 3c . Clearly, the addition of salt did slow down cooperative diffusion, but the effect amounts to a factor of less than 4, while Eq. 6-12 predicted a factor of around 100.
Presumably, the discrepancy can be attributed to elastic contacts between particles touching each other. Once the particles have partly coalesced, these contacts again increase the cooperativity of particle movement. We further elaborate on the dynamics of this elastic network in the following section.
Estimation of particle viscosity and particle deformation rate
In order to model the evolution of ϕ w (z) at concentrations beyond the volume fraction of the glass transition of Φ gl ~ 53 vol.%, one would need to include the elastic forces inside the network of (randomly-packed) contacting spheres. Particles will pack in a crust at the top of the film during drying without actually forming a skin. Two cases have to be distinguished. The particles may remain entirely separate. This case would, for instance, happen with high-T g materials or with those that are very well stabilized against aggregation. A second case is partial coalescence. This would typically happen with harder particles (at a temperature just above the T g ) which are not well stabilized against aggregation. When such particles touch, the surfactant membranes break and the sintering process is initiated. However, the sintering is so slow that the water channels do not actually close before drying is complete. Such a layer might be called an "open skin" (Figure 1 ).
Below, we argue that the films investigated here develop such an open skin.
We do not attempt a description of the transition regime, where there is a loosely-coupled elastic network still experiencing electrostatic repulsion. However, once the elastic network has become so dense that particle deformation dominates the film formation kinetics, the R-R model again applies.
Particle deformation limits the speed of film formation if the particles are sufficiently hard. Since the T g of the films formed here is around 18 °C, particle deformation is expected to be slow. In passing, we note that a model based on foam drainage applies in the opposite limit of soft spheres.
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The R-R model uses the terminology of viscoelasticity and we follow that usage. Note, however, that one might, in principle, also add a term describing hydrostatic pressure exerted by the coalescence into Eq. 8, thereby staying within the conceptual frame of eqs. 6 -12. For densely packed spheres, the R-R model relates the rate of drying to the viscosity of the particles. Skin formation only occurs if the particles are sufficiently soft. Otherwise, the particles do not form a dense layer. As already noted, particle deformability is described by a dimensionless parameter λ = η 0 aE/(γ wat H 0 ). As we show in appendix B, λ can be deduced from ϕ w (z, t) via Eq. 16
The parameter γ is ratio of the particle/water interfacial tension and the air/water interfacial tension, which was assumed to be 0.5 in this estimate. The volume fraction at close-packing, Φ RCP , is taken to be 63 vol.%. Using the profiles shown in Fig. 3 and analyzing the time stretch between t = 80 min and t = 105 min, we find λ ~ 0.44, λ ~ 0.40, and λ ~ 0.44 for the pure dispersion and for the cases of added MgCl 2 and added Na 2 SO 4 , respectively.
Given that λ is close to one, we conclude that the layer formed at the top is not a closed film (a "skin" in the narrow sense of the word). The same conclusion is reached from Fig. 5e and 6d.
Whereas there is clear evidence of a static scatterer at volume fractions above Φ S , the rate of evaporation dH/dt does not slow down after the elastic layer has formed. Water channels remain open, because the particle deformation rate is small. Moreover, noting that the experimental temperature of ca. 25 °C is within approximately 7 °C of the polymer's T g , the R-R process model 8 does not predict wet sintering, thus preventing skin formation. An "open skin" (see Figure 1 ) is expected and is consistent with experimental observations..
Conclusions
Applying magnetic resonance profiling and photon correlation spectroscopy simultaneously in the same experiment, we have investigated the vertical heterogeneity of the water distribution and possible skin formation in drying polymer dispersions. Using the two techniques together provides a complete picture of the surface layer with information both on the particle dynamics (coupling) and the composition. We propose to use the skewness of the profile ϕ w (z) as an indicator of heterogeneity. The skewness peaks at a z-averaged solids content of around 53 vol%, which is close to the volume fraction where hard-sphere colloids go through the glass transition. At the same solids content, one sometimes observes a strong static component in the scattering, which originates from a crust layer. Addition of salt increases the skewness and the likelihood of subsequent skin formation.
The strength of the effect depends on the particular type of ion. These results suggest that the destabilizing effect of the ions onto the surfactant membranes separating the particles promote heterogeneous drying. The order in which the ions influence destabilization is suggestive of a
Hofmeister effect. In turn, both the speed of diffusion and the rate of coalescence have an influence on skin formation. Particle accumulation during drying was successfully predicted by a Peclet number that considered the cooperative particle diffusion, rather than the standard Stokes-Einstein diffusivity.
where E is the evaporation rate, w ϕ is the z-averaged water content, v r is the z-averaged lateral speed of motion and the index ⊥ denotes in-plane directions (x and y). The decrease of the total amount of polymer has only one source, which is the diverging flow. We have Eq. 18
In the two equations above, we have assumed the speed v r is about the same for water and the polymer. From Eq. 17 and Eq. 18, we obtain the evaporation rate as Eq. 19
In the absence of the coffee-stain effect, dH/dt is equal to dm 0,w /dt and the evaporation rate is the same as the time derivative of the 0 th moment. Eq. 14). The parameter γ is ratio of the particle/water interface tension to the air/water interface tension. Inserting and rearranging yields (cf. Eq. 16) Eq. 25 due to the addition of salt was 238 mmol/L in all cases. For NaNO 3 and NaClO 4 , one finds skin formation, while a skin does not form for Na 2 SO 4 and for the pure dispersion. Correlating well to this finding, the skewness is highest for NaNO 3 and NaClO 4 . In the initial part of the drying, the autocorrelation time slightly decreases upon the addition of salt. This can be explained as a reduction in the local caging. DWS mostly probes motion on the local scale, which is governed by the short-time self-diffusion coefficient. This parameter increases as the electrostatic interaction is reduced. 
